Probing anomalous tWb interactions with rare B decays by Drobnak, Jure et al.
Probing anomalous tWb interactions with rare B decays
Jure Drobnak,1, ∗ Svjetlana Fajfer,1, 2, † and Jernej F. Kamenik1, 2, ‡
1J. Stefan Institute, Jamova 39, P. O. Box 3000, 1001 Ljubljana, Slovenia
2Department of Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia
(Dated: September 18, 2018)
Precision studies of top quark properties are currently underway at the LHC and Tevatron colliders
with the prospect of probing anomalous t−W−b interactions. In the mean time, recent experimental
results for the Bd,s − B¯d,s oscillation observables, the branching ratio Bs → µ+µ−, as well as
the forward - backward asymmetry in B → K∗`+`−, accompanied by the accurate theoretical
predictions for the relevant observables obtained within the SM motivate a combined study of these
observables in the presence of anomalous t −W − b vertices. We investigate contributions of such
anomalous couplings to the B → Xs`+`− decay mode, and combining them with the modifications
of the Bd,s − B¯d,s, B → Xsγ observables, we determine indirect bounds on the real and imaginary
parts of the anomalous t − W − b interactions. We find these to be mostly superior to present
direct constraints coming from top decay and production measurements at the LHC and Tevatron.
Finally, we predict the allowed effects in the branching ratios of the Bs → µ+µ− and B → K(∗)νν¯,
as well as the forward-backward asymmetry in B → K∗`+`−. We find that improved knowledge of
these observables in the future could further constrain some of the anomalous tWb interactions.
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2I. INTRODUCTION
In many scenarios of physics beyond the Standard Model (SM), the top quark provides a preferred search window
due to its large coupling to the physics responsible for the electro-weak symmetry breaking. A fascinating possibility
then is that the top quark properties exhibit deviations from their predictions within the SM. The leading such
contributions are encoded in the anomalous top couplings to SM gauge fields affecting the top anomalous (chromo)-
electric and (chromo)-magnetic dipole moments [1], Flavor Changing Neutral Current (FCNC) couplings (tV uj , where
V = g, γ, Z) [2], as well as anomalous charged current interactions (tWdj).
Precision studies of top quark properties are currently underway at the LHC and Tevatron colliders and will
complete our knowledge of possible New Physics (NP) effecting the properties and interactions of the SM particles.
In particular, both Tevatron [3, 4] and LHC [5] experiments have recently presented precise measurements, sensitive
to the top quark – W boson – b quark vertex (tWb).
Recently, we have reconsidered the t→ bW helicity amplitudes in presence of anomalous tWb interactions, including
corrections due to perturbative QCD effects [6], and found that some of the anomalous couplings are already being
significantly constrained by the CDF and DØ measurements. In light of the first LHC results being able to provide
constraints on possible anomalous tWb couplings, a more recent study [7] has combined bounds coming from t→ bW
helicity amplitudes, angular asymmetries as well as single top production observables.
On the other hand, the tWb vertex also plays an important role in B physics, since FCNC processes involving b
quarks receive, within the SM, dominant contributions from loops involving a top quark and a W boson. During the
recent years, the B factories, CDF and DØ experiments at the Tevatron as well as LHCb at the LHC have proceeded
to probe Bd,s − B¯d,s oscillation observables, as well as rare FCNC mediated B decays with ever increasing precision.
The first B physics observable to be studied for the effects of the anomalous tWb vertices was the B → Xsγ decay
rate [8]. The authors considered a complete basis of dimension six operators, free of tree-level FCNCs. To simplify
the analysis, they assumed alignment of the operator flavor structures with the SM CKM matrix, as well as the
reality of the appropriate Wilson coefficients. Recently [9], we have explored the possible presence of anomalous tWdj
interactions in Bd,s − B¯d,s oscillations within a model independent approach based on the assumptions of Minimal
Flavor Violation (MFV) [10], which extends the basis of operator flavor structures considered in [8]. We have found
that the ∆B = 2 mixing amplitudes can receive large contributions and that some of the possible operators can
provide significant new sources of CP violation. In term, based on the recent global fits to neutral meson oscillation
observables [11], we have derived preferred ranges for the anomalous couplings, some of them being more constraining
than both B → Xsγ as well as direct measurements.
Inspired by the fast progress in the field we extend our analysis of the anomalous tWdj vertices to rare (semi)leptonic
B decays. Again we rely on MFV in order to reduce the number of possible operator flavor structures, and we review
the framework in Sec. II. After performing the one-loop matching of our operator basis onto the low energy effective
Hamiltonian describing ∆B = 1 FCNC processes, we obtain corrections to the relevant Wilson coefficients in Sec. III.
We proceed in Sec. IV by calculating the effects in the inclusive B → Xsγ and B → Xs`+`− decays, cross-checking
the existing calculation [8] in the former mode. In order to derive bounds on both the real and imaginary parts of the
appropriate Wilson coefficients we include the experimental results not only for the decay rates but also for the CP
asymmetry in B → Xsγ. After performing a global fit of the Wilson coefficients, we derive predictions for several rare
B meson processes like Bs → µ+µ−, the forward-backward asymmetry (FBA) in B → K∗`+`− and the branching
ratios for B → K(∗)νν¯ in Sec. V. Finally we conclude in Sec. VI.
II. FRAMEWORK
We adopt the framework used in our previous work [9], committing to an effective theory, described by the La-
grangian
L = LSM + 1
Λ2
∑
i
CiQi + h.c.+O(1/Λ3) , (1)
where LSM is the SM part, Λ is the scale of NP and Qi are dimension-six operators, invariant under SM gauge
transformations and consisting of SM fields. We assume that at the scale µ ∼ mt the SM fields with up to two Higgs
doublets are the only propagating degrees of freedom, that the electroweak symmetry is only broken by the vacuum
expectation values of these two scalars and that operators up to dimension six give the most relevant contributions
to the observables we consider. Such an approach is appropriate to summarize weak scale effects of NP at Λ  mt,
where the new heavy degrees of freedom have been integrated out.
Our operator basis consists of all dimension-six operators that generate charged current quark interactions with the
W , but do not induce FCNCs at the tree-level. Since we restrict our discussion to MFV scenarios, Lagrangian (1)
3has to be formally invariant under the SM flavor group GSM = U(3)Q × U(3)u × U(3)d where Q, u, d stand for quark
doublets and up and down type quark singlets respectively. MFV requires that the only GSM symmetry breaking
spurionic fields in the theory are the up and down quark Yukawa matrices Yu,d, formally transforming under GSM as
(3, 3¯, 1) and (3, 1, 3¯) respectively.
We identify four relevant quark bilinears with distinct transformation properties under GSM: u¯d, Q¯Q, Q¯u and Q¯d
transforming as (1, 3¯, 3), (1⊕ 8, 1, 1), (3¯, 3, 1) and (3¯, 1, 3) respectively. Using these, we can construct the most general
GSM invariant quark bilinear flavor structures as
u¯Y †uAudYdd , Q¯AQQQ , Q¯AQuYuu , Q¯AQdYdd , (2)
where Axy are arbitrary polynomials of YuY †u and/or YdY †d , transforming as (1⊕ 8, 1, 1).
In order to identify the relevant flavor structures in terms of physical parameters, we can without the loss of
generality consider Yu,d condensate values in a basis in which 〈Yd〉 is diagonal: 〈Yd〉 = diag(md,ms,mb)/vd and
〈Yu〉 = V †diag(mu,mc,mt)/vu, where we have introduced separate up- and down-type Higgs condensates vu,d, while
V is the SM CKM matrix. We also write Q, u, d in this basis in terms of quark mass eigenstates uLi, dLi, uRi, dRi,
where L,R subscripts denote chirality projectors ψR,L = (1± γ5)ψ/2.
The final specification of the operator basis has been attentively described in Ref. [9]. It consists of seven distinct
operators
QLL = [Q¯′3τaγµQ′3]
(
φ†dτ
aiDµφd
)−[Q¯′3γµQ′3](φ†diDµφd),
Q′LL = [Q¯3τaγµQ3]
(
φ†dτ
aiDµφd
)−[Q¯3γµQ3](φ†diDµφd),
Q′′LL = V ∗tb
{
[Q¯′3τ
aγµQ3]
(
φ†dτ
aiDµφd
)− [Q¯′3γµQ3](φ†diDµφd)} ,
QRR = Vtb[t¯RγµbR]
(
φ†uiDµφd
)
,
QLRb = [Q¯3σµντabR]φdW aµν ,
QLRt = [Q¯′3σµντatR]φuW aµν ,
Q′LRt = V ∗tb[Q¯3σµντatR]φuW aµν , (3)
where we have introduced the left-handed SU(2) doublets
Q3 = (V
∗
ibuLi, bL) , Q
′
3 = (tL, VtjdjL) , (4)
with i, j flavor indices. Furthermore we have
Dµ = ∂µ + i
g
2
Aaµτ
a + i
g′
2
BµY ,
W aµν = ∂µW
a
ν − ∂νW aµ − gabcW bµW cν , (5)
and finally σµν = i[γµ, γν ]/2, while φu,d are the up- and down-type Higgs fields (in the SM φu = iτ
2φ∗d). As already
mentioned in the introduction, our operator basis coincides with the one used in Ref. [8], expanded by the three primed
operators. Furthermore we do not make the operators hermitian, hence effects of operators Q†i are accompanied by C∗i
and will be kept track of separately. For completeness we note that in scenarios, where the Yd (∼ mb/vd) expansion
is perturbative, the operators QLL and QLRt are expected to dominate, with QRR and QLRb being suppressed by a
single power of Yd and the operators Q′(′)LL and Q′LRt being supressed by YdY †d .
III. MATCHING
To establish how operators (3) affect b → sγ, g and b → s`+`−, νν¯ transitions, we match our effective theory (1),
to the low energy effective theory described by
Leff = LQCD×QED +
4GF√
2
[ 2∑
i=1
Ci(VubV
∗
usO(u)i + VcbV ∗csO(c)i )
]
+
4GF√
2
VtbV
∗
ts
[ 10∑
i=3
CiOi + Cνν¯Oνν¯
]
, (6)
4where the first term consists of kinetic terms of the light SM particles as well as their QCD and QED interactions.
The relevant operators read
O7 = emb
(4pi)2
(
sLσµνbR
)
Fµν , O9 = e
2
(4pi)2
(
sLγ
µbL
)(
¯`γµ`
)
,
O8 = gsmb
(4pi)2
(
sLσµνT
abR
)
Gµνa , O10 =
e2
(4pi)2
(
sLγ
µbL
)(
¯`γµγ5`
)
,
Oνν¯ = e
2
(4pi)2
(
s¯Lγ
µbL
)(
ν¯γµ(1− γ5)ν
)
. (7)
On the other hand, since they are not that crucial for our analysis, we omit the definition of the four-quark operators
O1,...,6 which can be found for example in Ref. [12].
We perform the matching of the operators in (1) to (6) by integrating out the top quark and electroweak bosons at
leading order (LO) in QCD. We perform our calculation in a general Rξ gauge for the weak interactions, giving us the
opportunity to check the ξ cancelation in the final results. The drawback is the appearance of would-be Goldstone
bosons in both SM as well NP contributions. As a consequence of formulating the effective theory in a gauge and MFV
invariant manner, our operators contribute to processes of interest with grater intricacy than just a mere modification
of the tWb vertex. Generic penguin and box diagrams with anomalous couplings are shown in Fig. 1 and Fig. 2.
Exact diagrams for a specific Qi can be reconstructed using Feynman rules given in the Appendix A.
In all calculations we neglect the s quark and lepton masses. When dealing with b→ sγ, g transitions, we expand
the amplitudes up to second order in external momenta and keep first order O(mb) terms. This allows us to generate
operators O7,8 as well as photonic contributions to O9. On the other hand, in the effective b→ sZ and box diagram
contributions presented in Fig. 2, which both contribute toO9,10,νν¯ , the external momenta can be completely neglected.
We are interested in NP contributions to the observables at order 1/Λ2 and thus only need to consider single operator
insertions.
b s
V
Figure 1. Types of diagrams encountered when computing b→ sV transitions, where V stands for γ, Z, g. Dotted lines represent
would-be Goldstone bosons, crosses mark additional points where V can be emitted in one-particle-reducible diagrams and
square represents an anomalous coupling. Gluon emission is only possible from quark lines and with the SM coupling. Quarks
running in the loops are of up-type.
b s
l−νll−
b s
νll−νl
Figure 2. Box diagrams contributing to b → s`+`− and b → sνν¯ transitions. Diagrams with would-be Goldstons are absent,
since the leptons are treated as massless.
As the result of the matching procedure we obtain deviations from the SM values for the Wilson coefficients, i.e.
5Ci = C
SM
i + δCi, which we parametrize as
δCi(µ) =
∑
j
κj(µ)f
(j)
i (xt, µ) + κ
∗
j (µ)f˜
(j)
i (xt, µ) , (8)
where xt = m
2
t/m
2
W , µ is the matching scale and κj are defined as
κ
(′,′′)
LL =
C
(′,′′)
LL
Λ2
√
2GF
, κRR =
CRR
Λ22
√
2GF
, κLRb =
CLRb
Λ2GF
, κ
(′)
LRt =
C
(′)
LRt
Λ2GF
. (9)
Analytical expressions for f
(j)
i , f˜
(j)
i are given in the Appendix B.
We note, that the matching procedure for operator Q′LL stands out compared to the other operators. The charged
current structure of this operator resembles that of the SM operator Q¯iγ
µτaQiW
a
µ . Consequently Wilson coefficients
C1,...,8 are changed in a trivial way Ci(µ) = (1 + κ
′
LL(µ))C
SM
i (µ). The change of the remaining Wilson coefficients
C9,10,νν¯ , matching of which involves the Z boson, is however not of this form.
Some of the diagrams in Fig. 1 are UV divergent. We remove these divergences using the MS prescription leading
to remnant log(m2W /µ
2) terms. We shall quantify the matching scale dependence of our results and consequently
their sensitivity to the UV completion of the effective theory by varying the scale between µ = 2mW and µ = mW .
Since UV renormalization is necessary, our operator basis indeed needs to be extended to include operators that can
serve as the appropriate counter-terms. Within the employed MFV framework examples of these operators read
Q1 =
[
Q¯σµνAQdYdτ
ad
]
φdW
a
µν , Q2 =
[
Q¯γµAQQQ
][
¯`γµ`
]
,
Q3 =
[
Q¯γµτaA′QQQ
][
φ†dτ
aiDµφd
]
+
[
Q¯γµA′QQQ
][
φ†diDµφd
]
. (10)
The operator Q1 produces a counter-term for divergences in δC7 , while Q2,3 provide counter-terms for divergent
parts of δC9,10,νν¯ . The operator Q3 generates a tree-level bZs vertex. The sets of flavor matrices needed to match
the structures of divergencies generated by the various operators in (3) are
AQd = YuY
†
u ,
AQQ = YuY
†
u , YuY
†
uYdY
†
d ,
A′QQ = YuY
†
u , (YuY
†
u )
2 , YuY
†
uYdY
†
d , (YuY
†
u )
2YdY
†
d , YuY
†
uYdY
†
d YuY
†
u . (11)
In our numerical analysis, we will selectively set contributions of certain operators to be nonzero. Consequently in
the following, we will drop the implicit (tree-level) contributions of the operators in (10) to δCi, as these have been
already investigated and constrained in the existing literature [13].
All f
(j)
i , f˜
(j)
i are found to be ξ independent and a crosscheck with results from Ref. [8] is possible for some of them.
We confirm their original results for all the operators except QLRb, while an updated version of [8] confirms our result
also for this operator.
SM κLL κ
∗
LL κ
′
LL κ
′∗
LL κ
′′
LL κ
′′∗
LL κRR κLRb κLRt κ
∗
LRt κ
′
LRt κ
′∗
LRt
f7 -0.19 0.45 0.45 -0.19 0 0.45 0 -45.3 85.5 -0.13 -0.17 -0.15 -0.17
f8 -0.095 0.24 0.24 -0.095 0 0.48 0 -20.2 54.5 0.15 0.05 0 0.05
f9 1.34 -1.11 -1.11 1.35 0.09 -1.11 0.009 0 0 0.64 0.64 0.009 0.64
f10 -4.16 1.48 1.48 -4.28 -0.12 1.48 -0.12 0 0 -2.41 -2.41 0 -2.41
fνν¯ -6.52 2.38 2.38 -6.63 -0.12 2.38 -0.12 0 0 -4.25 -4.25 0 -4.25
Table I. Numerical values of functions f
(j)
i and f˜
(j)
i at µ = 2mW . Numerical values used for the input parameters are
mt(2mW ) = 165.0 GeV, s
2
W = 0.231, mW = 80.4 GeV, mb(2mW ) = 2.9 GeV, |Vtb|2 = 1. All fi values correspond to matching
at LO in QCD.
To quantify the effects of our seven operators on Wilson coefficients (6) we present the numerical values of f
(j)
i
evaluated at µ = 2mW in Tab. I. We see that the contributions of the operator QLL and Q†LL are identical in all
cases, which means that κLL can not induce new CP violating phases in the Wilson coefficients. Likewise, QLRt
contributions to C9,10,νν¯ are Hermitian. On the other hand it can induce a new CP violating phase in C7,8. Finally
at order 1/Λ2, operators QRR and QLRb which contain right-handed down quarks only contribute to C7,8. These
contributions are however very significant, since they appear enhanced as mt/mb (B3, B4) due to the lifting of the
chiral suppression, as already pointed out in Ref. [8].
6IV. BOUNDS ON ANOMALOUS COUPLINGS
Having computed δCi in terms of κi, we turn our attention to observables affected by such contributions. In
particular at order 1/Λ2, the presently most constraining observables – the decay rates for B → Xsγ and B → Xs`+`−
are mostly sensitive to the real parts of κi [14]. While in general both B → Xd,sγ channels are complementary in
their sensitivity to flavor violating NP contributions [17], within MFV such effects are to a very good approximation
universal and the smaller theoretical and experimental uncertainties in the later mode make it favorable for our
analysis. In order to bound imaginary parts of κi, we consider the CP asymmetry in B → Xsγ. Finally, we compare
and combine these bounds with the ones obtained from Bd,s − B¯d,s oscillation observables in [9].
A. Real parts
We consider the inclusive B → Xsγ and B → Xs`+`− branching ratios, for which the presently most precise
experimental values have been compiled in [15, 16]
Br[B¯ → Xsγ]Eγ>1.6 GeV = (3.55± 0.26)× 10−4 ,
Br[B¯ → Xsµ+µ−]low q2 = (1.60± 0.50)× 10−6 . (12)
Because the SM contributions to Ci(µb) and the corresponding operator matrix elements are mostly real [14], the
linear terms in δCi, which stem from SM–NP interference contributions contribute mostly as Re[δCi]. These are
the only terms contributing at order 1/Λ2. Therefore, the bounds derived from these two observables are mostly
sensitive to the real parts of κj . Using results of [14], we have explicitly verified that the small Im[δCi] contributions
to Br[B¯ → Xs`+`−] have negligible effect for all operators except QRR,LRb. However, even for these operators Im[κi]
are much more severely constrained by AXsγ , discussed in the next section. Also, using known NLO B → Xsγ
formulae [19], we have verified that Im[δCi] contributions to this decay rate are negligible. To analyze the effects of
δCi on the two branching ratios, we therefore neglect the small Im[δCi] contributions and employ the semi-numerical
formulae given in Ref. [18] with a few modifications that we specify below:
• In [18] all predictions are given in terms of δCi at the b−scale µb = 4.8 GeV. Since we wish to check how our
results depend on the matching scale µ, we express δCi(µb) using NNLO QCD running [20] as
δC7(µb) = 0.627 δC7(mW ) ,
δC7(µb) = 0.579 δC7(2mW ) . (13)
On the other hand, C9,10 are only affected by EW running and their change with scale from 2mW to mW is
negligible.
• The authors of Ref. [18] assumed δC8 = 0, which is not the case in our analysis. However, LO C7 and C8 ( thus
also δC7 and δC8) enter both observables in approximately the same combination (conventionally denoted as
Ceff7 , c.f. [21]). Employing the known SM NNLO matching and RGE running formulae [20] we can correct for
this with a simple substitution in the expressions of Ref. [18] for the branching ratios δC7 → δC7 + 0.24 δC8,
where we have neglected the small difference between the matching conditions at µ = 2mW and µ = mW . We
have verified that in this way we reproduce approximately the known δC8 dependencies in B → Xsγ [22] and
B → Xs`+`− [14].
• As pointed out in the previous section, Q′LL is to be treated differently than the other operators. Its effects in
O3,...,8 can be seen as a shift in the CKM factor appearing in Eq. (6) VtbV ∗ts → (1 + κ′LL)VtbV ∗ts. Consequently
SM predictions for these contributions simply get multiplied by the factor of |1 + κ′LL|2 and only δC9,10,νν¯ need
to be considered as nonzero.
Taking all this into account and considering only one operator Qi to contribute at a time, we obtain the 95% C.L.
bounds on Re[κi] shown in Tab. II.
The first column shows bounds obtained from Bd,s − B¯d,s mixing as analyzed in Ref. [9], while the last column
corresponds to combined bounds from all three observables. For the later we also present the results when the
matching scale is set to µ = mW to check the scale dependence of our results. We can see that the bounds obtained
change significantly only in the case of κLRb where lowering the scale to µ = mW loosens the bounds by almost an
order of magnitude. We have also checked that the B → Xsγ bounds agree nicely with those obtained in Ref. [8].
7B − B¯ B → Xsγ B → Xsµ+µ− combined
κLL
0.08
−0.09
0.03
−0.12
0.48
−0.49
0.04
−0.09
(
0.03
−0.10
)
κ′LL
0.11
−0.11
0.17
−0.04
0.31
−0.30
0.11
−0.06
(
0.10
−0.06
)
κ′′LL
0.18
−0.18
0.06
−0.22
1.02
−1.04
0.08
−0.17
(
0.05
−0.15
)
κRR
0.003
−0.0006
0.68
−0.66
∗
0.003
−0.0006
(
0.002
−0.0006
)
κLRb
0.0003
−0.001
0.34
−0.35
∗
0.0003
−0.001
(
0.003
−0.01
)
κLRt
0.13
−0.14
0.51
−0.13
0.38
−0.37
0.13
−0.07
(
0.12
−0.14
)
κ′LRt
0.29
−0.29
0.41
−0.11
0.75
−0.73
0.27
−0.07
(
0.25
−0.06
)
ΚLL
ΚLL
¢
ΚLL
¢¢
ΚRR
ΚLRb
ΚLRt
ΚLRt
¢
-0.1 0.0 0.1 0.2 0.3
Combined 95% C.L. intervals for Μ = 2mW
Table II. Lower and upper 95% C.L. bounds on real parts of individual anomalous couplings κj for µ = 2mW and bracketed for
µ = mW , where mt(mW ) = 173.8 GeV and mb(mW ) = 3.06 GeV have been used. * The B → Xs`+`− bounds on Re[κRR,LRb]
are valid in the Im[κRR,LRb] = 0 limit; see text for details. Accompanying plot serves for visual comparison of the presently
allowed intervals.
B. Imaginary parts
We have shown in Ref. [9] that imaginary parts of primed Wilson coefficients can affect the CP violating phase in
Bd,s − B¯d,s mixing and nonzero values were found to improve the global fit of [11]. To constrain imaginary parts of
the remaining four operators, which do not contribute with new phases in Bd,s − B¯d,s mixing, we consider the direct
CP asymmetry in B → Xsγ for which the current world average experimental value reads [15]
AXsγ =
Γ(B¯ → Xsγ)− Γ(B → Xs¯γ)
Γ(B¯ → Xsγ) + Γ(B → Xs¯γ) = −0.012± 0.028 . (14)
Based on the recent analysis of this observable in Ref. [23] we obtain the following semi-numerical formula
AXsγ = 0.006 + 0.039(Λ˜
u
17 − Λ˜c17)
+
[
0.008 + 0.051(Λ˜u17 − Λ˜c17)
]
Re[δC7(2mW )] +
[
0.012(Λ˜u17 − Λ˜c17) + 0.002
]
Re[δC8(2mW )]
+
[
− 0.256 + 0.264Λ˜78 − 0.023Λ˜u17 − 2.799Λ˜c17
]
Im[δC7(2mW )]
+
[
− 0.668Λ˜c17 − 0.005Λ˜u17 − 0.563Λ˜78 + 0.135
]
Im[δC8(2mW )] . (15)
The estimated intervals for hadronic parameters Λ˜u17, Λ˜
c
17 and Λ˜78 as specified in Ref. [23] dominate the theoretical
uncertainty making it sufficient to use a LO QCD analysis in the perturbative regime. Thus, in addition to the
numerical parameters specified in [23], we have used the LO QCD running for δC7,8 in this observable.
Performing a combined analysis of all considered bounds on the real and imaginary parts of individual κi in which
we marginalize the hadronic parameters entering AXsγ within the allowed intervals, we can obtain the allowed regions
in the complex plain of (Re[κi], Im[κi]).
As already argued, the imaginary part of κLL does not contribute to the δCi and thus remains unconstrained. It also
turns out that due to the large hadronic uncertainties, the imaginary parts of κ
(′)
LRt, κ
′(′′)
LL remain largely unconstrained
by AXsγ and Bd,s−B¯d,s mixing observables still provide the strongest constraints [9] (except for Im[κLRt] which again
remains unconstrained). On the contrary, constraints on the imaginary parts of κRR and κLRb reach per-cent level,
as can be seen in Fig. 3. Finally we note that in absence of the long-distance effects on NP contributions considered
in [23], AXsγ would exhibit an even greater sensitivity to the imaginary parts of δC7,8 [24], thus we consider our
derived bounds as conservative.
C. Comparison with direct constraints
Anomalous tWb couplings can be studied directly at colliders, namely in the main top quark decay channel (t→ bW )
as well as in the single top production since in the SM both processes proceed through weak interactions. Contrary
8ΚLRb ΚRR
-0.001 0.000 0.001 0.002
-0.015
-0.010
-0.005
0.000
0.005
0.010
0.015
0.020
Re@ΚD
Im
@ΚD
Figure 3. 68% and 95% C.L. allowed regions in the κRR(2mW ) (solid) and κLRb(2mW ) (dashed) complex plain. The constraints
are dominated by Br[B → Xsγ] and AXsγ .
to indirect studies of tWb couplings in B physics, the most general parametrization of the tWb vertex of the form
LtWb = LSMtWb −
g√
2
b¯
[
(VLPL + VRPR)γ
µ +
iσµνqν
mW
(GLPL +GRPR)
]
tWµ , (16)
is sufficient to a very good approximation, where PL,R = 1/2(1∓ γ5). It is straightforward to identify the anomalous
couplings VR,L and GR,L as generated by our seven operators in Eq. (3)
vL = V
∗
tbκ
(′,′′)∗
LL , vR = V
∗
tbκ
∗
RR , gL = V
∗
tbκ
∗
LRb , gR = V
∗
tbκ
(′)
LRt , (17)
enabling us to compare recent direct bounds obtained from the Tevatron data [6, 7] with our indirect constraints.
The comparison is shown in Fig. 4.
Tevatron value
95% C.L.
ΚLRt ΚLRt
¢
B-physics allowed
-0.2 0.0 0.2 0.4
0.4
0.5
0.6
0.7
0.8
0.9
1.0
Re@ΚLRtH¢L D
F L
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
-0.003
-0.002
-0.001
0.000
0.001
0.002
0.003
0.004
Re@ΚLLH¢,¢¢LD
R
e@Κ
R
R
D
-0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
Re@ΚLRbD
R
e@Κ
LR
t
H¢L
D
Figure 4. Left: Longitudinal helicity fraction as a function of the real part of κ
(′)
LRt obtained from [6]. Also shown is the
latest combined Tevatron measurement [4] and allowed intervals for κ
(′)
LRt(2mW ) as given in Tab. II. Middle: 95% C.L. allowed
regions in the κRR - κLL (solid), κ
′
LL (dashed), κ
′′
LL (dotted) plane. Matching scale is set to µ = 2mW . Right: 95% C.L.
allowed regions in the κLRb - κLRt (solid), κ
′
LRt (dashed) plane. Matching scale is set to µ = 2mW (full regions) and µ = mW
(hatched regions). Thick black lines correspond to bands of 95% C.L. allowed regions given by direct constraints from Ref. [7].
The first plot shows the longitudinal helicity fraction FL as a function of the real parts of the anomalous couplings
κ
(′)
LRt obtained from [6] and the latest combined measurements from Tevatron with the 95% C.L. band [4]. We find the
9combined indirect constraints to be more stringent than direct bounds coming from helicity fraction measurements.
For other operators this conclusion is even more pronounced.
Having more than one observable at disposal we can also consider pairs of operators contributing simultaneously
and obtain 95% C.L. allowed regions in the corresponding planes as shown in the second and third plot of Fig. 4.
The full and hatched shapes are obtained from indirect bounds while thick black line marks the border of the region
obtained from helicity fraction and single top production analysis of Ref. [7]. In particular both vertical lines in the
second graph are due to single top production measurements, as helicity fractions are insensitive to a change in the
left-handed couplings. Also, the bottom thick line in the third graph is due to constraints from single top production,
since as indicated in the first graph, the negative values of κ
(′)
LRt are better constrained indirectly than from helicity
fractions. It is apparent that indirect constraints on the real parts of κRR and κLRb are at present much more stringent
than direct constraints.
V. PREDICTIONS
Having derived bounds on anomalous κj couplings, it is interesting to study to what extent these can still affect
other rare B decay observables. Analyzing one operator at a time we set the matching scale to µ = 2mW .
Turning again to the semi-numerical formulae given in Ref. [18], we first consider the branching ratio Br[B¯s → µ+µ−]
for which CDF’s latest analysis yields [25]
4.6× 10−9 < Br[B¯s → µ+µ−] < 3.9× 10−8 , at 90% C.L. . (18)
and the differential forward-backward asymmetry AFB(q
2) in the B¯d → K¯∗`+`− decay, for which the latest measure-
ment of LHCb has recently been presented in Ref. [26]. Finally, following Ref. [27] we analyze the allowed effects of
κi on the branching ratios Br(B → K(∗)νν¯), which are expected to become experimentally accessible at the super-B
factories [28].
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Figure 5. Ranges of values for branching ratios obtained as anomalous couplings are varied within the 95% C.L. intervals given
in Tab. II. Line in the κ′LRt bar marks the value obtained when the coupling is set to the central fitted value given by the
Bd,s − B¯d,s mixing analysis. We also show the SM predictions (black) with 1σ theoretical uncertainty band (dotted) and for
the muonic decay channel the lower end of the experimental 90% C.L. interval from [25].
We present our findings in Figs. 5 and 6. The effects of anomalous couplings κj on all branching ratios are similar.
There is a slight tenancy of anomalous κj couplings to increase the predictions compared to the SM values at the
level of the present theoretical uncertainties, with the exception of κRR and κLRb of which effects are negligible. In
particular, none of the contributions can accommodate the recent CDF measurement of Br[B¯s → µ+µ−] at the 95%
C.L. , while a possible future measurement at the level of the SM could significantly constrain the κ′LL and κ
(′)
LRt
contributions. Furthermore we find that the forward-backward asymmetry AFB(q
2) can still be somewhat effected by
κ′′LL and κRR, for which we present the bands obtained when varied within the 95% C.L. intervals in Fig. 6. While
not sensitive at the moment, in the near future, improved measurements by the LHCb experiment could possibly
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probe such effects. On the other hand, the contributions of other anomalous couplings all fall within the theoretical
uncertainty bands around the SM predicted curve.
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Figure 6. AFB(q
2) band obtained when varying real parts of κ′′LL (left) and κRR (right) within the 95% C.L. interval given in
Tab. II. Also presented are the SM predicted central value (black) with 1σ theoretical uncertainty band (dotted) and the latest
measured points with experimental errors given in Ref. [26].
VI. CONCLUSIONS
We have investigated contributions of anomalous tWb couplings in flavor changing neutral current mediated ∆B = 1
processes within an effective field theory framework assuming minimal flavor violation. Having computed contributions
to the inclusive B → Xs`+`− decay rate to order 1/Λ2, and combining them with the modifications of the B → Xsγ
and also Bd,s − B¯d,s observables, we have determined the indirect bounds on the real and imaginary parts of the
anomalous tWb couplings. For most of the considered effective operators, these indirect bounds are at present much
stronger than the direct constraints coming from the t → bW helicity fraction measurements, angular asymmetries
and single top production at the Tevatron and the LHC. In particular, we are able for the first time to constrain the
imaginary parts of most of the anomalous couplings already at order 1/Λ2. Taking into account these bounds, we
have predicted the still allowed effects of the anomalous tWb interactions on the branching ratio of the Bs → µ+µ−
decay, the forward-backward asymmetry in B → K∗`+`−, as well as the branching ratios of B → K(∗)νν¯ decays. The
better knowledge of these and other recently proposed [29] observables in the future could further constrain some of
the anomalous couplings.
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Appendix A: Feynman Rules
The relevant Feynman rules with anomalous couplings are shown in Tab. III. We have used the following abbrevi-
ations
vR = κRRδ3iδ3j , (A1)
v˜R =
cW
sW
vR , (A2)
vL = κLLδ3i + κ
′
LLδ3j + κ
′′
LLδ3iδ3j , (A3)
v˜L =
c2W − s2W
2cW sW
vL − 1
2cW sW
(
κ∗LLδ3i + κ
′∗
LLδ3j + κ
′′∗
LL
VibVtj
Vij
)
, (A4)
gR = −κLRb , (A5)
gL = −κ∗LRtδ3i − κ′∗LRtδ3iδ3j , (A6)
where i, j denote flavor indices.
dj
ui
W+µ
q
− ig√
2
Vij
[
γµvR,L +
iσµνqν
mW
gR,L
]
PR,L
dj
ui
φ+
q
− ig√
2
Vij qmW (−vR,L)PR,L
dj
ui
φ+
Aα;Zαk
− ig√
2
Vij
e
mW
[
{vR,L; v˜R,L}γµ
+{1; cW
sW
}(−gR,L) iσ
αµkµ
2mW
]
PR,L
dj
ui
W+µ
Aα;Zα
− ig√
2
Vije
[
{1; cW
sW
}(−gR,L) iσµαmW
]
PR,L
dn
dm
φ+
Aα;Zα
φ+
i
(
g√
2
)2 e
m2
W
V ∗tmVtn{1; c
2
W−s2W
2cW sW
}γαPL
×(κLL + δ3nκ′′LL)
dn
dm
q
φ+
φ+
−i( g√
2
)2
V ∗tmVtn 
q
m2
W
PL
×(κLL + δ3nκ′′LL)
dn
dm
W+µ
φ+
i
(
g√
2
)2
V ∗tmVtn
1
mW
γµPL
×(κLL + δ3nκ′′LL)
dn
dm Aα
k
ie κLRbδ3mδ3n
iσαµkµ
2mW
PR
un
um Zα
−ie 1
2sW cW
γαPL
×(δ3mδ3nκLL + VmbV ∗nb(κ′LL + δ3mκ′′LL))
un
um Aα;Zα
k −ie{1; cW
sW
} iσανkν
2mW
PR
×(δ3mδ3nκLRt + Vmbδ3nκ′LRt)
Table III. Feynman rules for the relevant anomalous vertices. PL,R = (1∓ γ5)/2, indicies i, j and m,n label quark flavor.
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Appendix B: Analytical formulae
In this Appendix we present analytical expressions for functions f
(j)
i and f˜
(j)
i defined in Eq. (8). For shorter
notation we further decompose
f
(j)
9 = g
(j) − 1
4s2W
h(j) , f
(j)
10 =
1
4s2W
h(j) , f
(j)
νν¯ =
1
4s2W
k(j) .
Below we give all nonzero contributions
f
(LL)
7 = f˜
(LL)
7 = f
(LL′′)
7 =
22x3 − 153x2 + 159x− 46
72(x− 1)3 +
3x3 − 2x2
4(x− 1)4 log x (B1)
f
(LL′)
7 = −
8x3 + 5x2 − 7x
24(x− 1)3 +
3x3 − 2x2
4(x− 1)4 log x (B2)
f
(RR)
7 =
mt
mb
[−5x2 + 31x− 20
12(x− 1)2 +
2x− 3x2
2(x− 1)3 log x
]
(B3)
f
(LRb)
7 =
mW
mb
[
− x
2
log
m2W
µ2
+
6x3 − 31x2 + 19x
12(x− 1)2 +
−3x4 + 16x3 − 12x2 + 2x
6(x− 1)3 log x
]
(B4)
f
(LRt)
7 =
mt
mW
[1
8
log
m2W
µ2
+
−9x3 + 63x2 − 61x+ 19
48(x− 1)3 +
3x4 − 12x3 − 9x2 + 20x− 8
24(x− 1)4 log x
]
(B5)
f˜
(LRt)
7 = f˜
(LRt′)
7 =
mt
mW
[−3x3 + 17x2 − 4x− 4
24(x− 1)3 +
2x− 3x2
4(x− 1)4 log x
]
(B6)
f
(LRt′)
7 =
mt
mW
|Vtb|2
[ −x2 − x
8(x− 1)2 +
x2 log x
4(x− 1)3
]
(B7)
f
(LL)
8 = f˜
(LL)
8 = f
(LL′′)
8 =
5x3 − 9x2 + 30x− 8
24(x− 1)3 −
3x2 log x
4(x− 1)4 (B8)
f
(LL′)
8 =
−x3 + 5x2 + 2x
8(x− 1)3 −
3x2 log x
4(x− 1)4 (B9)
f
(RR)
8 =
mt
mb
[−x2 − x− 4
4(x− 1)2 +
3x log x
2(x− 1)3
]
(B10)
f
(LRb)
8 =
mW
mb
[ x2 + 5x
4(x− 1)2 +
2x3 − 6x2 + x
2(x− 1)3 log x
]
(B11)
f
(LRt)
8 =
mt
mW
[3x2 − 13x+ 4
8(x− 1)3 +
5x− 2
4(x− 1)4 log x
]
(B12)
f˜
(LRt)
8 = f˜
(LRt′)
8 =
mt
mW
[x2 − 5x− 2
8(x− 1)3 +
3x log(x)
4(x− 1)4
]
(B13)
g(LL) = g˜(LL) = (−x− 4
3
) log
m2W
µ2
+
250x3 − 384x2 + 39x+ 77
108(x− 1)3 (B14)
+
−18x5 + 48x4 − 102x3 + 135x2 − 68x+ 8
18(x− 1)4 log x (B15)
g(LL′) = (
4
9
− x
2
) log
m2W
µ2
+
125x3 − 253x2 + 138x− 16
36(x− 1)3 (B16)
+
−9x5 + 12x4 − 48x3 + 99x2 − 59x+ 8
18(x− 1)4 log x− |Vtb|
2x
2
g˜(LL′) = h˜(LL′) = f˜ (LL′)νν¯ = −
x
2
log
m2W
µ2
+
x
2
(1− log x− |Vtb|2) (B17)
g(LL′′) = −(4
3
+
x
2
+ |Vtb|2x
2
)
log
m2W
µ2
+
250x3 − 384x2 + 39x+ 77
108(x− 1)3 (B18)
+
−9x5 + 12x4 − 48x3 + 99x2 − 59x+ 8
18(x− 1)4 log x− |Vtb|
2x
2
log x
(B19)
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g˜(LL′′) = h˜(LL′′) = f˜ (LL′′)νν¯ = |Vtb|2
(
− x
2
log
m2W
µ2
− x
2
log x
)
(B20)
g(LRt) = g˜(LRt) =
mt
mW
[−99x3 + 136x2 + 25x− 50
72(x− 1)3 +
24x3 − 45x2 + 17x+ 2
12(x− 1)4 log x
]
(B21)
g(LRt′) =
mt
mW
|Vtb|2
[x2 + 3x− 2
8(x− 1)2 +
x− 2x2
4(x− 1)3 log x
]
(B22)
g˜(LRt′) =
mt
mW
[−54x3 + 59x2 + 35x− 34
36(x− 1)3 +
15x3 − 27x2 + 10x+ 1
6(x− 1)4 log x (B23)
+ |Vtb|2
[x2 + 3x− 2
8(x− 1)2 +
x− 2x2
4(x− 1)3 log x
]]
(B24)
h(LL) = h˜(LL) = −(x+ 3
2
) log
m2W
µ2
+
11x− 5
4(x− 1) +
−2x3 + x2 − 2x
2(x− 1)2 log x (B25)
h(LL′) = −x
2
log
m2W
µ2
+
3x
2(x− 1) −
x3 + x2 + x
2(x− 1)2 log x− |Vtb|
2x
2
(B26)
h(LL′′) = −(3
2
+
x
2
+ |Vtb|2x
2
)
log
m2W
µ2
+
11x− 5
4(x− 1) −
x3 + x2 + x
2(x− 1)2 log x− |Vtb|
2x
2
log x (B27)
h(LRt) = h˜(LRt) = h˜(LRt′) =
mt
mW
[
− 3x
2(x− 1) +
3x log x
2(x− 1)2
]
(B28)
k(LL) = k˜(LL) = h(LL) − 3
(x− 1) +
3x log x
(x− 1)2 (B29)
k(LL′) = h(LL′) − 3x
(x− 1) +
3x log x
(x− 1)2 (B30)
k(LL′′) = h(LL′′) − 3
(x− 1) +
3x log x
(x− 1)2 (B31)
k(LRt) = k˜(LRt) = k˜(LRt′) = h(LRt) +
3
x− 1 −
3x log x
(x− 1)2 (B32)
[1] J. F. Kamenik, M. Papucci, A. Weiler, [arXiv:1107.3143 [hep-ph]].
[2] P. J. Fox, Z. Ligeti, M. Papucci, G. Perez, M. D. Schwartz, Phys. Rev. D78, 054008 (2008). [arXiv:0704.1482 [hep-ph]].
[3] T. Aaltonen et al. [ The CDF Collaboration ], Phys. Rev. Lett. 105, 042002 (2010). [arXiv:1003.0224 [hep-ex]]; V. M. Abazov
et al. [ D0 Collaboration ], Phys. Rev. D83, 032009 (2011). [arXiv:1011.6549 [hep-ex]].
[4] http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T94/
[5] https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-122/
[6] J. Drobnak, S. Fajfer, J. F. Kamenik, Phys. Rev. D82, 114008 (2010). [arXiv:1010.2402 [hep-ph]].
[7] J. A. Aguilar-Saavedra, N. F. Castro, A. Onofre, Phys. Rev. D83 (2011) 117301. [arXiv:1105.0117 [hep-ph]].
[8] B. Grzadkowski, M. Misiak, Phys. Rev. D78 (2008) 077501. [arXiv:0802.1413 [hep-ph]].
[9] J. Drobnak, S. Fajfer, J. F. Kamenik, Phys. Lett. B701 (2011) 234-239. [arXiv:1102.4347 [hep-ph]].
[10] G. D’Ambrosio, G. F. Giudice, G. Isidori, A. Strumia, Nucl. Phys. B645, 155-187 (2002). [hep-ph/0207036]; A. L. Kagan,
G. Perez, T. Volansky, J. Zupan, Phys. Rev. D80, 076002 (2009). [arXiv:0903.1794 [hep-ph]].
[11] Z. Ligeti, M. Papucci, G. Perez, J. Zupan, Phys. Rev. Lett. 105, 131601 (2010). [arXiv:1006.0432 [hep-ph]]; A. Lenz,
U. Nierste, J. Charles, S. Descotes-Genon, A. Jantsch, C. Kaufhold, H. Lacker, S. Monteil et al., Phys. Rev. D83 (2011)
036004. [arXiv:1008.1593 [hep-ph]].
[12] G. Buchalla, A. J. Buras, M. E. Lautenbacher, Rev. Mod. Phys. 68 (1996) 1125-1144. [hep-ph/9512380].
[13] T. Hurth, G. Isidori, J. F. Kamenik, F. Mescia, Nucl. Phys. B808, 326-346 (2009). [arXiv:0807.5039 [hep-ph]].
[14] T. Huber, E. Lunghi, M. Misiak, D. Wyler, Nucl. Phys. B740 (2006) 105-137. [hep-ph/0512066].
[15] D. Asner et al. [ Heavy Flavor Averaging Group Collaboration ], [arXiv:1010.1589 [hep-ex]]
[16] T. Huber, T. Hurth, E. Lunghi, Nucl. Phys. B802 (2008) 40-62. [arXiv:0712.3009 [hep-ph]].
[17] A. Crivellin, L. Mercolli, [arXiv:1106.5499 [hep-ph]].
[18] S. Descotes-Genon, D. Ghosh, J. Matias, M. Ramon, JHEP 1106 (2011) 099. [arXiv:1104.3342 [hep-ph]]
[19] K. G. Chetyrkin, M. Misiak, M. Munz, Phys. Lett. B400, 206-219 (1997). [arXiv:hep-ph/9612313 [hep-ph]].
14
[20] C. Bobeth, M. Misiak, J. Urban, Nucl. Phys. B574, 291-330 (2000). [hep-ph/9910220]; J. A. Gracey, Phys. Lett. B488, 175-
181 (2000). [hep-ph/0007171]; P. Gambino, M. Gorbahn, U. Haisch, Nucl. Phys. B673, 238-262 (2003). [hep-ph/0306079];
M. Gorbahn, U. Haisch, M. Misiak, Phys. Rev. Lett. 95, 102004 (2005). [hep-ph/0504194].
[21] A. J. Buras, M. Misiak, M. Munz, S. Pokorski, Nucl. Phys. B424, 374-398 (1994). [hep-ph/9311345].
[22] A. Freitas, U. Haisch, Phys. Rev. D77, 093008 (2008). [arXiv:0801.4346 [hep-ph]].
[23] M. Benzke, S. J. Lee, M. Neubert, G. Paz, Phys. Rev. Lett. 106 (2011) 141801. [arXiv:1012.3167 [hep-ph]].
[24] R. Barbieri, P. Campli, G. Isidori, F. Sala, D. M. Straub, [arXiv:1108.5125 [hep-ph]].
[25] T. Aaltonen et al. [ CDF Collaboration ], [arXiv:1107.2304 [hep-ex]].
[26] http://cdsweb.cern.ch/record/1367849/files/LHCb-CONF-2011-038
[27] W. Altmannshofer, A. J. Buras, D. M. Straub, M. Wick, JHEP 0904 (2009) 022. [arXiv:0902.0160 [hep-ph]].
[28] T. Aushev, W. Bartel, A. Bondar, J. Brodzicka, T. E. Browder, P. Chang, Y. Chao, K. F. Chen et al., [arXiv:1002.5012
[hep-ex]]; B. O’Leary et al. [ SuperB Collaboration ], [arXiv:1008.1541 [hep-ex]].
[29] C. Bobeth, G. Hiller, G. Piranishvili, JHEP 0712, 040 (2007). [arXiv:0709.4174 [hep-ph]]; C. Bobeth, G. Hiller, G. Piran-
ishvili, JHEP 0807, 106 (2008). [arXiv:0805.2525 [hep-ph]]; C. Bobeth, G. Hiller, D. van Dyk, JHEP 1007, 098 (2010).
[arXiv:1006.5013 [hep-ph]]; C. Bobeth, G. Hiller, D. van Dyk, JHEP 1107, 067 (2011). [arXiv:1105.0376 [hep-ph]]; C. Bo-
beth, G. Hiller, D. van Dyk, [arXiv:1105.2659 [hep-ph]]; U. Egede, T. Hurth, J. Matias, M. Ramon, W. Reece, JHEP 0811,
032 (2008). [arXiv:0807.2589 [hep-ph]]; U. Egede, T. Hurth, J. Matias, M. Ramon, W. Reece, JHEP 1010, 056 (2010).
[arXiv:1005.0571 [hep-ph]]; W. Altmannshofer, P. Ball, A. Bharucha, A. J. Buras, D. M. Straub, M. Wick, JHEP 0901,
019 (2009). [arXiv:0811.1214 [hep-ph]]; D. Becirevic, E. Schneider, [arXiv:1106.3283 [hep-ph]];
